Abstract Stop coannihilation may bring the relic density of heavy supersymmetric dark matter particles into the range allowed by cosmology. The efficiency of this process is enhanced by stop-antistop annihilations into the longitudinal (Goldstone) modes of the W and Z bosons, as well as by Sommerfeld enhancement of stop annihilations and the effects of bound states. Since the couplings of the stops to the Goldstone modes are proportional to the trilinear soft supersymmetry-breaking A-terms, these annihilations are enhanced when the A-terms are large. However, the Higgs mass may be reduced below the measured value if the A-terms are too large. Unfortunately, the interpretation of this constraint on the stop coannihilation strip is clouded by differences between the available Higgs mass calculators. For our study, we use as our default calculator FeynHiggs 2.13.0, the most recent publicly available version of this code. Exploring the CMSSM parameter space, we find that along the stop coannihilation strip the masses of the stops are severely split by the large A-terms. This suppresses the Higgs mass drastically for μ and A 0 > 0, whilst the extent of the stop coannihilation strip is limited for A 0 < 0 and either sign of μ. However, in sub-GUT models, reduced renormalization-group running mitigates the effect of the large A-terms, allowing larger LSP masses to be consistent with the Higgs mass calculation. We give examples where the dark matter particle mass may reach 8 TeV.
Introduction
Searches for supersymmetry [1, 2] at the LHC have explored much of the theory space favoured previously in the context a e-mail: jlevans@kias.re.kr of simplified phenomenological models with universal soft super-symmetry-breaking parameters at an input GUT scale. However, in our opinions supersymmetry (SUSY) remains one of the most attractive options for physics beyond the Standard Model, since it facilitates grand unification of the gauge couplings [3] [4] [5] [6] [7] , improves the naturalness of the electroweak mass hierarchy [8] [9] [10] and plays an essential role in string theory. Moreover, the lightest supersymmetric particle (LSP) is an excellent cold dark matter candidate if R-parity is conserved [11, 12] , as we assume here. In addition, supersymmetry stabilizes the electroweak vacuum [13] [14] [15] , can trigger electroweak symmetry breaking [16] [17] [18] [19] [20] [21] and predicted successfully the mass of a Higgs boson with couplings similar to those in the Standard Model [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Therefore we are motivated to pursue the search for supersymmetry, and note that there are still regions of supersymmetric model space that the LHC has yet to explore, and may never reach. Some of the regions that are difficult to see at the LHC can be seen through indirect detection, and another promising avenue is the search for proton decay [31] . If the theory at the GUT scale is minimal SU(5), the Wilson coefficients of the dimension-5 proton-decay operators tend to be large, destabilizing the proton [32, 33] . In general, unless tan β 5, the proton is unstable for a SUSY-breaking scale that can explain dark matter 1 [35, 36] . However, in this work we ignore such constraints, assuming that the GUT-scale theory is either not minimal SU (5) or has some additional symmetry, such as a Peccei-Quinn symmetry, which enhances the proton lifetime. In this way, we are not hostages of some unknown high-scale dynamics.
Instead of worrying about constraints that are dependent on the UV completion of the model, we take a phenomenological approach and focus on the regions of supersymmetric model space that has not yet been probed by the LHC. Included in these unexplored regions are strips of parameter space extending to larger masses where the thermal abundance of relic LSPs is brought down into the range allowed by the cosmological cold dark matter density measurements [37] via some enhancement of the conventional annihilation mechanism, such as rapid annihilation through heavy Higgs bosons or coannihilation with some other, nearly-degenerate supersymmetric particle(s) [38] .
Examples of possible coannihilation partners include sleptons [39] [40] [41] [42] [43] [44] [45] [46] [47] , electroweak inos [48] [49] [50] [51] , squarks [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] and gluinos [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Coannihilation of the LSP with the lighter stau slepton has been explored extensively, and is now almost excluded by LHC searches [46, 47] . The cosmological cold dark matter density can be obtained via coannihilations with Higgsinos if the LSP mass ∼ 1 TeV [77, 78] , and by coannihilations with Winos if the LSP mass ∼ 3 TeV [79] [80] [81] [82] . Much larger LSP masses, and hence much heavier sparticle spectra, are possible if the LSP coannihilates with strongly-interacting sparticles such as gluinos or stop squarks. Coannihilation with gluinos is not possible in models with universal gaugino masses at the GUT scale, though it is possible if this assumption is relaxed. On the other hand, coannihilation with stop squarks is possible in models with universal soft supersymmetry-breaking parameters, and is a scenario capable of raising the sparticle spectrum into the multi-TeV range and evading LHC searches [62] .
The fact that stop coannihilation is such a promising scenario for reconciling a heavy supersymmetric spectrum with the attractive possibility that the LSP provides the cosmological relic density motivates the re-examination of this scenario, which we undertake in this paper. We consider in particular, various effects that tend to extend the stop coannihilation strip, including annihilations into longitudinal (Goldstone) components of the W and Z bosons, large trilinear soft supersymmetry-breaking A-terms, Sommerfeld enhancement [83] [84] [85] of stop annihilations [61, 73, 86] , and the possible effects of bound states [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] .
We pay particular attention to the limitations on the stop coannihilation strip imposed by the LHC measurement of the Higgs mass [97] . The interpretation of this constraint is sensitive to details of Higgs mass calculations with heavy sparticle spectra. These have been studied extensively recently, but still with significant differences between the available Higgs mass calculators [98] [99] [100] [101] [102] [103] [104] . Within the CMSSM [35, , in which the soft supersymmetry-breaking scalar and gaugino masses are assumed to be universal at the GUT scale, we find using the most recent publicly available version of the FeynHiggs Higgs mass calculator, FeynHiggs 2.13.0, that the Higgs mass constraint is a severe limitation on the size of the LSP mass.
In addition to the CMSSM, we also consider its 'sub-GUT' generalization [35, [131] [132] [133] [134] [135] in which universality of the soft supersymmetry-breaking parameters is imposed at a lower scale, as occurs in mirage unification models [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] ) is important for determining the rate of stop-antistop annihilation into the longitudinal modes of the W and Z , the stop coannihilation strip can be extended in such sub-GUT models. Moreover, in certain regions of the parameter space of sub-GUT models, the masses have the special relationship 2mt 1 2m χ m H , where mt 1 , m χ and m H are the lightest stop mass, LSP mass and heavy CP-even Higgs boson mass, respectively. In these regions, the stopantistop annihilation rate is enhanced by resonance effects because 2mt 1 m H , amplifying the ability of stop coannihilation with the LSP to reduce the relic density, and the stop coannihilation strip is further extended. We give examples of sub-GUT scenarios where the dark matter particle mass may reach ∼ 7 TeV.
The layout of our paper is as follows. In Sect. 2 we discuss the impact of annihilations into longitudinal components of the W and Z on the extent of the stop coannihilation strip. In Sect. 3 we discuss the impact of bound states, showing how the longitudinal components of the gauge bosons enhance the decays of the bound states. In Sect. 4 we illustrate the importance of these effects in the CMSSM, discussing the potential impact of the Higgs mass constraint. In Sect. 5 we extend the analysis to sub-GUT models in which the stop masses are less split. In such a case, the Higgs mass is less suppressed and the stop coannihilation strip may extend to larger values of the LSP mass. Finally, Sect. 6 summarizes our conclusions.
The Goldstone equivalence theorem and stop coannihilation
The Goldstone Equivalence [148] [149] [150] theorem states that the longitudinal components of the gauge bosons of a broken symmetry retain the interactions they would have in the absence of gauge interactions, i.e., they interact as Goldstone bosons. If the interactions of the Goldstone bosons are large, they may enhance the interactions of the gauge bosons. The best-known example of this is t → W + b decay. Naively, one would have expected that the dominant contribution to this decay would be proportional to g 2 2 , where g 2 is the SU(2) electroweak gauge coupling, since this appears to be a weak process. However, since the charged Goldstone boson in the Standard Model couples to t and b with a strength y t , where y t is the top Yukawa coupling that is larger than g 2 , this decay is enhanced:
Similar behaviours are present in all scattering processes involving the W and Z . This type of enhancement turns out to be relevant when considering coannihilation processes involving the stop, as we see below.
Since the MSSM is a two-Higgs-doublet model, the Goldstone bosons are mixtures of states in the H u,d multiplets that give masses to the up-and down-type quarks:
where tan β is the ratio of the two Higgs vevs, G ± are the charged Goldstone bosons, and G 0 is the neutral Goldstone boson. Since we expect that tan β > 1, cos β is generally small and the couplings of the components of the Goldstone bosons in the H d multiplet are suppressed. On the other hand, the interactions of the components of the Goldstone bosons in the H u multiplet can be quite large. Since the stop interacts with H u , it can have a large coupling with the charged and neutral Goldstone bosons, especially for the larger values of tan β considered below. Thus, the relevant interactions of the stop with the Goldstone bosons arise from its interactions with the H u multiplet:
As we have already discussed, since y t > g 2 , these interactions are dominant in electroweak scattering processes for the stop. What is less obvious is that these are also more important than the scattering processes controlled by the strong coupling, g 3 .
To show the significance of the scattering of stops into the longitudinal components of the W and Z , 2 we display the leading-order contribution to these processes. Calculating them requires the choice of a gauge. In unitary gauge, the Goldstone bosons disappear from the theory and become the longitudinal components of the gauge bosons, and it is difficult to see the origin of the enhancement to the scattering of the gauge bosons in this gauge, since the Goldstone bosons are not manifest. However, in the equivalent Feynman gauge, the Goldstone bosons are present explicitly and their contributions can quite easily be separated from other contributions. The most important contributions of the Goldstone bosons to the annihilation processt Rt * R can be seen in Fig. 1, 3 with analogous diagrams for the charged Goldstone boson mode.
Using the interactions of the stop and Goldstone bosons found in (3), the dominant s-wave contribution to the thermally-averaged annihilation cross sections are found to be The significance of the Goldstone boson mode was also discussed in [151] . 3 There are also diagrams involving the Goldstone bosons that contribute tot Rt * R → G 0 Z , though their contributions to thet Rt * R → Z Z amplitude are suppressed by a factor of g 2 , and can be neglected for the purposes of this discussion. However, all contributions tot Rt * R → Z Z are included in our numerical calculation. a large value of A t was allowed, the stop coannihilation trip would have no end. 4 However, if A t is much larger than the soft supersymmetry-breaking scalar masses, small changes in the RG scale would lead to large changes in the soft masses. In the context of a UV-complete model, this suggests that the mass spectrum required at the input scale is rather contrived. Even more troubling, the mass of the SM-like Higgs boson becomes very sensitive to A t when it is much larger than the stop masses. Indeed, as A t is increased, the SM-like Higgs boson masses is driven to zero. For these reasons, it is expected that A t cannot be much larger than the sfermion masses. 5 Even with this restriction on the size of A t , the scattering cross section in (4) still gives an important boost to the stop-antistop annihilation rate.
The above restrictions constrain the amount of enhancement of the scattering cross section in (4) for the CMSSM. To maximize this enhancement, one may consider degenerate left-and right-handed stop masses. Such a degeneracy helps because the corrections that reduce the Higgs mass are
, whereas the enhancement to the scattering cross section in (4) 
). The ratio of the enhancement in the scattering cross section to the reduction in the Higgs mass is therefore
, which is maximized when the mt R,L are equal. A class of models that have more degenerate stop masses are sub-GUTs, in which the RG running of the masses is reduced. As we will see below, this increased degeneracy indeed leads to acceptable dark matter densities with larger LSP masses.
Bound-state effects in stop coannihilation
Another important effect that can lengthen the stop coannihilation strip is bound-state formation [75, 76, [94] [95] [96] . When dark matter froze out, at a temperature T ∼ mt /25 QC D , QCD was a relatively long-range force, and stronglyinteracting particles could form bound states. The formation rate of these states depends on the form of the long-range potential. For a non-Abelian force, the long-range potential takes the form
where ξ is determined by Casimir coefficients, C X 1 , C X 2 , of the colour representations of the individual particles (X 1 and X 2 ) forming the bound state, as well as the combined Casimir coefficient of the two particles, C X 1 X 2 :
4 This is due to the fact that the scattering cross section in Eq. (4) would scale as m 2 SU SY /v 4 instead of 1/m 2 SU SY . 5 When the Higgs mass is calculated using the code FeynHiggs 2.13.0, our default option, it generally provides a stronger constraint than does vacuum stability.
Since the gauge particle of a non-Abelian force is charged, if a gauge particle is emitted in the formation of the bound state, the Casimir of the bound state will in general be different from the combined Casimir of the initial-state particles. For example, a pair of SU(3) coloured particles in an octet configuration can transition to a bound state in a singlet representation via the emission of a gluon. If the cross section for the formation of these bound states is large, it alters how the constituents particles freeze out, which can be relevant when these coloured particles are coannihilating with a dark matter candidate.
The relevance of bound-state formation for coannihilation depends on whether or not the bound state,R, decays more quickly than it disassociates [75] :
where σ v bs f , R , and dis are the thermally averaged formation cross section, decay rate and disassociation rate of the bound state, and σ v tt * →SM is the Sommerfeldenhanced thermally-averaged cross section [61] excluding bound-state formation. If the bound state decays much more quickly than it disassociates, the bound state formation cross section contributes to the thermally-averaged cross section. Because the thermally-averaged cross section is increased by this process, the relic density is decreased for a given set of parameters and, thus, a cosmologicallyacceptable relic density can be obtained for larger sparticle masses.
In the specific case of the stop, stop-antistop pairs can form bound states through the emission of a gluon. These bound states then decay to Standard Model particles. Since the decay rates of the bound states are related to the scattering rates of the corresponding particles, the impact of bound-state formation will be further enhanced by the dynamics of the Goldstone modes if decays of these bound states through the Goldstone components of the W/Z are dominant.
Stop coannihilation in the CMSSM
In this section we re-examine the stop coannihilation strip in the CMSSM for large A 0 , paying close attention to the effects of annihilations to W W/Z Z and bound-state effects. We also examine the constraints on the extent of stop coannihilation strip imposed by the Higgs mass. However, because theoretical calculations of the Higgs mass are quite uncertain in this regime, we first examine the stop strip independently of the Higgs mass. 
The extent of the stop coannihilation strip
In order to understand the enhancements of the length of the stop coannihilation strip in the CMSSM due to annihilations to W W/Z Z and to bound-state effects, we use the SSARD code [104] to compute the particle mass spectrum and relic density. We study the stop coannihilation strip as a function of m 1/2 for various values of A 0 and both signs of the Higgsino mixing parameter μ. In each plot, the range of m 0 is not stated explicitly, but is chosen such that the lighter stop mass is nearly degenerate with the LSP, which is always the lightest neutralino, and generally the Bino.
In 4) is important and extends the stop coannihilation strip a small but noticeable amount for both signs 8 10 FeynHiggs 2.13.0 provides the choice of inputting parameters using either the on-shell (OS) scheme or the dimensional reduction (DR) scheme. We also compare in the figures the results obtained with these two different set of inputs, by converting the relevant parameters generated by the SSARD code to the OS scheme (purple solid lines) or DR scheme (purple dashed lines).
The two upper panels of figure, with M h higher than the tan β = 5 cases. Since FeynHiggs 2.13.0 supersedes version 2.10.0 and it includes effects which are not part of other codes, we take it with on-shell input masses as our default in the following sections, with an uncertainty that we estimate to be at least 3 GeV. A 0 = 3m 0 , tan β = 20, μ < 0 In the case A 0 = −4.2m 0 , μ > 0 and tan β = 5 (upper left panel of Fig. 3) , the calculated value of M h is always less than the experimental value, even taking the theoretical uncertainty into account. On the other hand, in the case A 0 = −4.2m 0 , μ > 0 and tan β = 5 or tan β = 20 (upper right and middle left panels of Fig. 3) , the calculated value of M h is compatible with the measured value all the way from m 1/2 ∼ 3 TeV to the end of the stop coannihilation strip at m 1/2 ∼ 7 TeV. Although the Higgs mass is stable, we note that the extent of the stop strip is restricted because A 0 < 0.
For the middle right and bottom two panels of Fig. 3 , we consider A 0 > 0, and the stop masses are much more split and the A-terms at the SUSY scale are much larger. This extreme set of soft supersymmetry-breaking parameters makes it rather difficult to calculate the Higgs mass. Since the splitting of the stop masses along the stop coannihilation strip [155] becomes even more extreme for larger m 1/2 , the variance in the Higgs mass calculators make it unclear what really is the endpoint of the stop coannihilation strip. For example, in the middle right panel, we take A 0 = 5m 0 , tan β = 20 and μ > 0 and for the bottom left we take instead A 0 = 3m 0 . In these panels, the Higgs mass using FeynHiggs 2.13.0 DR goes below 70 GeV when m 1/2 ∼ 7 TeV. Ignoring this, the spread in the Higgs mass is still 40 GeV(35 GeV) for A 0 = 5m 0 (A 0 = 3m 0 ). The situation is slightly better when μ < 0, where the FeynHiggs 2.13.0 DR calculation only drops slightly below 100 GeV. In this case, the spread including the FeynHiggs 2.13.0 DR calculation is of order 30 GeV and without it is of order 25 GeV. Although this case is better, it is still far too inaccurate to derive any meaningful constraints on the extent of the stop coannihilation strip.
In Fig. 4 , we examine the Higgs mass calculators along the stop strip as a function of the input trilinear coupling A 0 for μ < 0 and tan β = 20. In the upper (lower) panel we set m 1/2 = 3000 GeV (m 1/2 = 5000 GeV). For the two left panels, the A 0 < 0 portion is shown. In this regime, the Higgs mass calculators agree reasonably well with each other over the entire range of A 0 plotted, with the variation in the Higgs mass being less than 10 GeV. The difference in the stop and LSP mass, δm, which is needed to give an acceptable dark matter relic density is of order 40 GeV (20 GeV) for the upper left (bottom left) panel. In the right two panels, we show the A 0 > 0 parameter space where the Higgs mass calculators do not agree. The variation in the Higgs mass calculators is around 20 GeV (25 GeV) for the upper right (bottom right) panel.
For completeness, we show two examples of (m 1/2 , m 0 ) planes in the CMSSM with tan β = 20 in Fig. 5 . In the left panel, we have chosen A 0 = −3.5m 0 and μ < 0, and in the right panel, A 0 = 2.75 and μ > 0. In both panels, the brickshaded regions are where the LSP is charged, and are for that reason excluded by cosmology. The brick-shaded region in the lower right corner corresponds to a stau LSP, while that in the upper left corner corresponds to a stop LSP. For a given value of m 0 , the stop mass varies very rapidly with m 1/2 making the stop coannihilation strip (shown in blue) extremely thin (essentially invisible) even when extending the range on the cosmological density to 0.01 < h 2 < 2. In the left panel, the strip ends at the point marked with an X (near (m 1/2 , m 0 ) = (6.6, 14.8) TeV). In the right panel, the stop strip extends beyond the range shown. However, the coordinates of the end point can be surmised by examining Consistent with the discussion above, the Higgs mass along the strip is reasonable only when A 0 < 0 and μ < 0. A related discussion on similar planes can be found in [36] .
The stop coannihilation strip in sub-GUT models
We now discuss the stop coannihilation strip in a variant of the CMSSM in which the soft supersymmetry-breaking sparticle masses are assumed to be universal at some renormalization scale M in < M GUT , as in 'mirage unification' [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] and other sub-GUT models [132, 132, 133] . As was commented above, one can anticipate that the stop coannihilation strip may extend to larger LSP masses than in the CMSSM, because the renormalization-group running of the input parameters over a smaller range of scales allows the two stop masses mt 1 and mt 2 to be more similar than in the CMSSM. Since the Higgs squared mass depends on A 2 t /mt 1 mt 2 while the length of the coannihilation strip depends approximately on A 2 t /(m 2
), this enables the length of the coannihilation strip to be maximized while retaining a value of the Higgs mass that is consistent with experiment.
In Above and to the right of the stop LSP region in the right panel of Fig. 6 there is a pair of blue bands where the relic neutralino LSP density falls within the range indicated by the Planck and other measurements [37] . These aim towards a vertex at m 1/2 ∼ m 0 ∼ 10 TeV that lies, however, within the Higgsino LSP region that separates the two bands. We note in addition the appearance of an outwards-pointing spike in the upper dark matter strip, whose base is at (m 1/2 , m 0 ) ∼ (8, 10) TeV. Along the two flanks of this spike, the dark matter density is brought down into the range allowed by cosmology by rapidt 1t * 1 annihilation via the heavy Higgs bosons H in the direct channel. 11 Compared with the stop coannihilation strips in the CMSSM, these subGUT strips are relatively thick and clearly visible in the figure, even with the more restrictive range shown for the dark matter relic density. Unlike the CMSSM, the mass parameters along the stop coannihilation strip in sub-GUT models are much less tuned. In the upper part of the strip (which is nearly horizontal with m 0 ∼ 10 TeV), the difference between the stop and neutralino mass changes very slowly with increasing m 0 . As a result there is a broad region between the strip and the stop LSP shaded region where the relic density is too small to account for all of the dark matter. Because the difference between the stop and neutralino mass varies slowly in this figure, the coannihilation strip is relatively thick, and here we have plotted the 3 σ Planck range rather than the extended ranges used in the other figures. Also shown in Fig. 6 as dot-dashed red lines are contours of M h calculated using FeynHiggs 2.13.0. Taking into account the uncertainty in this calculation, we see that the narrower, lower, diagonal part of the stop coannihilation strip that extends from low (m 1/2 , m 0 ) towards the charged Higgsino LSP region is all compatible with the LHC measurement of M h . Some of the stop coannihilation strip between the Higgsino LSP region and the outwards-pointing spike may also be consistent with the Higgs mass, given the uncertainties in the calculations. However, for μ > 0, along the spike and in the region to the left of the spike, M h appears to be too small. The situation is improved for μ < 0 as the spike may be compatible, but much of the horizontal strip still lies at low M h . Nevertheless, since there is a great deal of uncertainty in the Higgs mass calculation, as discussed in the previous section, we cannot exclude the possibility that some portions of these parts of the stop strip might also yield an acceptable Higgs boson mass. (lower right). The pink region is where μ 2 < 0 and radiative EWSB is not possible. Other shadings used here are the same as Fig. 6 . The shading for the relic density is enhanced so that 0.06 < h 2 < 0.2 be inferred from Fig. 6 and tends to be too small while mt 2 is slightly larger. In both the CMSSM and sub-GUT planes, the LSP, χ , andt 1 are nearly degenerate, whereast 2 is significantly heavier. The lines are truncated at the tips of the stop strips, and the masses can be read off from the left vertical axis. As can be seen in the Figure, the Bino LSP of the sub-GUT model is much heavier than its CMSSM counterpart for the same m 1/2 , but the maximum LSP masses are similar in the two cases because the strip is longer in the CMSSM case, both being ∼ 7 TeV. We also see that the stop masses of the sub-GUT are much less split than in the CMSSM, which leads to a greatly enhanced Higgs boson mass. 12 For this reason, the Higgs boson mass constraint completely rules out the coannihilation strip for the CMSSM (see the dashed green line), but places no meaningful constraints on the sub-GUT model. The solid green line shows that M h is rather insensitive to m 1/2 along the sub-GUT coannihilation strip, with a mass (to be read off the right vertical axis) that is compatible with 125 GeV within the calculational uncertainties. We examine in Fig. 8 the impact of changing M in on the (m 1/2 , m 0 ) plane in Fig. 6 . We fix tan β = 20 and A 0 = 2.75 m 0 and choose M in = 10 x GeV where x = 7, 8, 10, 11 for the upper left, upper right, lower left and lower right panels, respectively. In all the panels of Fig. 8 the brickshaded region adjacent to the m 0 axis corresponds to a stop LSP, whilst in the brick-shaded region adjacent to the m 1/2 axis the LSP is a stau. For x = 8, 10, 11, in the brick-shaded region that is outlined in black the LSP is a charged Higgsino. In the upper panels, electroweak symmetry breaking (EWSB) is not possible in the pink regions at large m 1/2 . For M in = 10 7 GeV, in the region with large m 1/2 , M in is so low that the renormalization-group running is insufficient to drive the up-type Higgs soft mass negative for large gaugino masses, so there electroweak symmetry breaking (EWSB) does not occur. The dark matter strip around the brick-shaded region that is adjacent to the m 0 axis is due to stop coannihilation, and the portion of the strip near the no-EWSB region has a typical Higgsino thermal relic with μ ∼ 1.1 TeV. For M in = 10 8 GeV, the stop LSP region becomes larger, extending the stop coannihilation strip to larger m 1/2 and m 0 . In this case the no-EWSB region moves to larger m 1/2 , and the region of parameter space with a Higgsino LSP shrinks. Besides the strip-like regions, there is also a blue ring shape region on top of the stop strip in the panel for M in = 10 7 GeV and a blue sliver that intersects with the chargino LSP strip seen in the panel for M in = 10 8 GeV. In these regions of parameter space, the masses of the three lightest neutralinos are quite similar. Because of this, the χ 1 , which is mostly a Bino, and the χ 2 and χ 3 , which are mostly Higgsinos, can coannihilate, with an enhancement from the heavy Higgs funnel. 13 In the two panels, which have M in = 10 7,8 GeV, the renormalization-group running is insufficient to give a stop LSP unless m 1/2 is relatively small. Because of this, the extent of the stop coannihilation strip is greatly reduced. The maximum m χ of the stop strips are ∼ 2 GeV and 5 GeV for M in = 10 7,8 GeV respectively. In the panel with M in = 10 10 GeV, the stop LSP region has grown significantly, and is accompanied by a stop coannihilation strip that extends beyond the displayed part of the plane. The stau LSP region levels off at m 1/2 ∼ 11 TeV. For M in = 10 11 GeV, the plane has become qualitatively similar to that in the CMSSM. For M in = 10 10,11 GeV, the mass splitting of the stops has become large enough that the Higgs mass is suppressed to such an extent that the stop strip no longer has a viable Higgs mass and so is excluded. 14 For M in = 10 9 GeV, as seen already in Fig. 6 , we are between these two extremes, and the stop LSP region is large enough to give a coannihilation strip that extends to large m 1/2 , but is not so large that the Higgs boson mass becomes too small. In this case, the maximum value of m χ in the stop strip after taking M h into account is ∼ 7.4 TeV, lying on top of the diagonal brick-shaded band in the right panel of Fig 6. The next pair of plots examines the effect of changing tan β. In Fig. 9 we show the (m 1/2 , m 0 ) planes for M in = 10 9 GeV and A 0 = 2.75 m 0 for tan β = 5 (40) in the left (right) panel. In the case with tan β = 5 the stop LSP region has grown because of the larger top Yukawa coupling. Indeed, it has grow so much that it merges with the charged Higgsino LSP region, forcing the lower stop coannihilation strip to terminate at a much lower value of m 1/2 ∼ 7 TeV and m χ ∼ 5.4 TeV. Within this region, M h is compatible with 125 GeV, within the calculational uncertainties. The upper stop coannihilation strip extends farther in m 1/2 and m 0 , but the Higgs mass is very low here. 15 For tan β = 40, on the other hand, the stop LSP region has shrunk while the stau LSP region has grown. This is again due the tan β dependence of the Yukawa couplings. The increase in the tau Yukawa coupling is responsible for the larger stau LSP region, and the smaller top Yukawa coupling for the smaller stop LSP region. The shrinking of the stop LSP regions leads to the stop coannihilation strip terminating at much lower values In the left panel, the smaller A-term is unable to push the stop mass tachyonic unless m 1/2 is very small. Because of this, the stop coannihilation strip has all but disappeared, clinging on only when m 1/2 2 TeV in a region where the value of M h calculated using FeynHiggs 2.13.0 is < 125 GeV. As was the case in Fig. 8 , the blue sliver in the upper part of the panel appears because χ 1 , χ 2 , and χ 3 are nearly degenerate and have an enhanced annihilation rate to the (nearly) on-shell heavy Higgs bosons. For a larger A-term, as shown in the right panel, the stop coannihilation region grows and merges with the stau coannihilation region and charged-Higgsino strip. The parameter space no longer exhibits a stop coannihilation strip. As one can see, the spectrum at M in = 10 9 GeV, is very sensitive to A 0 /m 0 , and the rich structure seen in the previous figures requires A 0 /m 0 ≈ 2.75.
Conclusions
It is well-known that an effective way to reduce the relic density of a massive LSP into the range allowed by Planck and other astrophysical and cosmological observations is coanni- 16 Although a large portion of the coannihilation strip follows the stau LSP region, the relic density is reduced through coannihilation with the stop, which also has a similar mass to the LSP.
hilation of the LSP with at least one other particle of similar mass that decouples at around the same time in the early universe. In this case, as long as the temperature of the thermal bath is no smaller than the difference between the particle masses, the lighter one -the LSP candidate -can scatter in the thermal bath and be converted to the heavier particle. If the heavier particle can annihilate efficiently into Standard Model particles, the relic density of the dark matter candidate can be significantly reduced. The more strongly interacting the coannihilating particle, the more efficient it is at reducing the relic density. In supersymmetric models, one of the most effective coannihilating partners for the LSP is the lighter stop. It is particularly effective because stop-antistop annihilation rates to hh and W W/Z Z are enhanced if the A-terms are large. This enhancement of the annihilations to W W/Z Z arises because the longitudinal Goldstone bosons interact with the stops through A-terms. Specifically, the amplitudes fortt * → W W, Z Z, hh all receive an enhancement proportional to A 2 t /(m 2
). On top of this enhancement, these annihilation processes are boosted by Sommerfeld enhancement and by bound state formation.
In the CMSSM, these enhanced annihilation rates of stops allow the relic density to be consistent with Planck constraints for m 1/2 17 TeV, with an LSP mass m χ ∼ 8.5 TeV. However, a Bino mass this large requires A 0 ∼ 5 m 0 . Such a large A-term splits the stop mass eigenstates severely, leading to an unacceptably small mass for the lightest supersymmetric Higgs boson. In the CMSSM, the Higgs mass measurement places a strong constraint on the extent of the stop coannihilation strip, if the Higgs mass is calculated with FeynHiggs 2.13.0, the supersymmetric Higgs mass calculator we use for this study. However, for stop masses that are more degenerate, the Higgs mass constraints are less restrictive. In sub-GUT models, in which the soft supersymmetry-breaking masses unify at some lower scale M in , the low-scale stop masses tend to be more degenerate due to the reduced running. Because of this increased degeneracy, a Bino LSP mass of m χ ∼ 7 TeV can be consistent with the Planck relic density measurement for A 0 = 2.75 m 0 , tan β = 20, and μ > 0 with M in = 10 9 GeV. Moreover, in this case calculations with FeynHiggs 2.13.0 yield a mass of the lightest supersymmetric Higgs boson that is compatible with 125 GeV all the way to the tip of the stop coannihilation strip.
In addition to demonstrating that an LSP mass m χ ∼ 8 TeV can be compatible with the relevant dark matter density and Higgs mass constraints in a sub-GUT model, our work highlights the importance of annihilations into the longitudinal modes of massive gauge bosons, as well as the Sommerfeld enhancement and bound-state effects. It also highlights the need for a reliable code to calculate the lightest Higgs mass in the extreme regions of parameter space that are relevant for large LSP masses. The results obtained with FeynHiggs 2.13.0 may well be reliable in many cases, but corroboration is essential.
